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Chapter 1

1 Introduction

Background and Relevance

Degradation of organic contaminants into basic inorganic components (e.g.,
carbon dioxide, water, and nitrate) is termed mineralization. Earlier work by
several investigators indicated that 2,4,6-trinitrotoluene (TNT) can be biologi-
cally transformed into several organic by-products, some of which are more
toxic than TNT (Carpenter et al. 1978; McCormick, Feeherry, and Levinson
1976; Kaplan and Kaplan 1982). For example, Kaplan and Kaplan (1982)
identified 2-amino-4,6-dinitrotoluene (2ADNT), 4-amino-2,6-dinitrotoluene
(2ADNT), 2-4-diamino-6-nitrotoluene (2,4DA6NT), 2,6-diamino-4-
nitrotoluene (2,6DA4NT), 2',4,6',6-tetranitro-2,4'-azoxytoluene, 2,2',6,6'-
tetranitro-4,4'-azoxytoluene as biotransformation products formed under aero-
bic, organically rich conditions. Recent research, such as that of Funk et al.
(1993), Boopathy and Kuipa (1992), Preuss et al. (1993), Duque et al. (1993),
as well as emerging research including that of Crawford (1995) and Funk et
al. (in press), indicate that mineralization of TNT is possible.

However, despite these findings, high ieveis of TNT persist in the soiis of
many military installations. Remediation of soils contaminated with TNT is a
serious problem for military installations. Bioremediation with TNT-
mineralizing microorganisms is a potentially cost-effective technology with
several possible variations, including composting, bioslurry, land-farming, and
in situ treatment. In situ biotreatment is an emerging technology for the
remediation of both saturated and unsaturated soils (Sims et al. 1993). This
technology has been widely applied for the treatment of petroleum hydrocar-

bon contamination and, to a lesser extent, chlorinated solvents. However,

in situ biotreatment has had limited utility for the treatment of TNT-
contaminated soils because this compound tends to remain in the surface layer
and is therefore more concentrated and more toxic. Bioslurry treatment has
the potential to be rapid and highly effective because of the intimate contact
between the contaminated soil, TNT-degrading microorganisms, dissolved
oxygen, water, and activity-enhancing chemicals that may be added (Zappi et
al. 1992a). However, the bioslurry treatment process requires excavation and
handling of contaminated soils and the addition of energy for stirring and/or
heating. For these reasons, the use of bioslurry treatment is probably best

restricted to highly contaminated soils for which the use of in-place treatment
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techniques is unsuitable due to the prolonged treatment time required for
contaminant removal. Land treatment is highly desirable for expiosives
because it minimizes soil excavation and iowers energy requirements for
remediation.

Test Rationale

A three-tiered approach to determine the microbial requirements for land-
farming biotreatment of explosives was developed (Figure 1). The tiered
approach requires an initial soil characterization followed by Tier I, the
screening plate test developed previously (Gunnison et al. 1993). This test is
based on the addition of TNT with and without the use of additional chemicals
added to separate treatments to stimulate microbial activity. Chemical treat-
ments include toluene, dinitroaniline, dinitro-o-cresol, dinitrophenol, sodium
acetate, sawdust, or sodium succinate. Following 1 to 4 weeks of incubation
in static and slurry modes, individual soil treatments are plated onto a crystal-
Iine lawn of TNT overlying a basal salts agar containing one of three cosub-
strates (sodium acetate, giucose, or sodium succinate). Activity against TNT
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is detected by visual observation of TNT c1earmg around the soil sampie. The
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and each replicate has been mmstened heterozenous ablotlc and mxcroblal
activities and sorptive processes produce a varied distribution of TNT and its
transformation products. Therefore, replicates for each sample interval are
required to minimize sample variation.

In Tier II, combinations of nutrients, cosubstrates, and/or surfactants
required to maximize the removal of TNT, while minimizing the production
of undesirable products, are determined. The use of shake flask testing was
advocated by the in situ biotreatment advisory committee (Zappi et al. 1992a),
which indicated that this is the best procedure for assessing the degradability
of comparatively recalcitrant (difficult to biodegrade) compounds. As with
soil bioslurry treatment, shake flask conditions provide optimum contact of the
degrading biomass with moisture, nutrients, cosubstrates, surfactants, and the
contaminated soil. If recalcitrant compounas cannot be aegrauea unaer mese

conditions, littie chance exists that mcy will be degrad
s | - + H

AIAET TRATeRITe fARten and lace intancive R TP PN P POy N ~ARTiea
lower lumaluu: conternt ana leb mu:umvc uqutu-tu-a 1ias contact. DYy Cullllast,
comhbinatinne af ingradiante fannd ta ha affantiva iindar chalra flacl ~nnAitinme
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CHARACTERIZATION OF SOIL
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may be effective in facilitating the biotreatment of surface soils in a static test.
A main goal in developing the test was to keep the execution as simple as
possible; i.e., a load-and-forget system that can be examined at the start and at
the end of a reasonable incubation period. If results of Tier II tests indicate
that biodegradation rates are unacceptably low, a nonbiological treatment
aiternative shouid be considered for the soii. However, if an acceptable deg-

YYY o 7~ 1Y

radation rate is achieved, Tier IiI Static Cell tests are conducted.
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removal of 3 to 5 replicates of each treatment for every

mova rep tment for ev
sampling interval. Since degradation is anticipated to occur very slowly,
treatment periods of several weeks to several months are necessary. The
system also permits incubation of the treatments in the dark to prevent photo-
lytic degradation of TNT. Ventilation prevents the stagnation of air or the
accumulation of excessively high moisture content. Individual treatments are
easily accessible for sampling, addition of nutrients, and monitoring of mois-
ture and soil gas content. The system, described in the static cell test proce-
dure section below, consists of an incubation chamber containing 40 individual

test units, or cells, on sliding trays.

If the degradation rate is suitable in Tier II, the compliment of additives
and the optimal conditions generated in Tier Il can be used to design pilot-
level tests.

Objectives

To obtain cost-effective remediation of explosives-contaminated soils,
effective treatment technologies must enhance degradation pathways of endog-
enous microflora within the contaminated soil matrix. This work was under-
taken to develop simple tests to determine the chemical compounds (additives)
required to stimulate TNT destruction by site-specific native microflora and to
assess the feasibility of obtaining treatment in static soil, where surface appli-
cation must be used to distribute degradation activity-enhancing additives.

Specific objectives were to rapidly determine which additives (nutrients,
surfactants, cosubstrates) are required to support rapid, extensive mineraliza-
tion of TNT by native microbial populations at contaminated sites and to
determine which combination of additives achieves maximum destruction of

L 2 S (a2 3 PR

TNT under static soil conditions simulating surface application in the fieid.
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2 Methods and Materials

Soii Seiection

Four candidate soils for shake test development were selected based on
their history of TNT contamination (soils 1 through 4, Table 1). The Hast-
ings East Industrial Park (HEIP) soil, also listed in Table 1, was used for the
static soil test development because previous biotreatment experiments demon-
strated extensive TNT destruction (Gunnison et al. 1993, Zappi et al. in
press).

Tabie 1
Sources of Soils Used in This Study
Particle Size Composition, %

Soii Number Sampiing Location Sand Siit Ciay

1 Seattle, WA 77.5 22.5 o]

2 Crane, IN 18.0 58.0 23.0

2 Hastings, NE 33.0 54.0 13.0

4 McAlester, OK 42.5 42.5 15.0
{5 WES reference soil 0 0.0 10.0
Soil Handling

Surface soils obtained from each of the sites were sieved through 0.5-cm
mesh netting to remove rocks and large chunks of other materials and were
stored at 4 °C until used. Samples of these soils were analyzed to determine
particle size, organic matter content, and TNT and TNT transformation prod-
ucts. Dry weight was assessed by weight loss of 10 g of soil after drying for
12 hr at 105 °C. Soils were tested for microbial activity against TNT using
the methods of Gunnison et al. (1993).

Chapter 2 Methods and Materiais
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Soils were dried for 2 to 5 days at room temperature, placed into two
5-gal! carboys and then mixed on a roller mill at 4 to 5 rpm for 24 hr. Soils
from each carboy were combined in a separate 5-gal carboy, mixed, and then
placed back into the original carboys for an additional 24 hr of mixing. The
soil was then passed through a 2-mm sieve, placed into a screw-capped plastic
bottle, and refrigerated until used.

Shake Test Procedure

Shake flask microcosms

A 12-g dry weight equivalent of soil (DWE) and 25 mL of medium were
added to each test flask. High nutrient media consisted of 46.5 mg NH,ClI
and 23.8 mg K,HPO, per liter of reverse osmosis (RO) water. Low nutrient
treatments received one-tenth of the high nutrient treatment. Cosubstrates
differed from soil to soil and were selected based on the one or two cosub-
strates producing the strongest positive results in the screening test (Gunnison
et al. 1993). These cosubstrates included one or both of the following:

1 percent acetate or 0.1 percent toluene. All samples were prepared in tripli-
cate and incubated for 30 days with shaking on a gyrorotary shaker at 75 rpm
and 25 “C.

g
]

reatment conditions

Treatment conditions included an acidified control killed by the addition of
1 mL of 1M HCI; a biotic control (water, but no nutrients or cosubstrate);
low nutrients (ammonium and phosphate) only; low nutrients with Tween
80™.: low nutrients plus cosubstrate only; low nutrients plus Tween 80 plus
cosubstrate; high nutrients (ammonium and phosphate) only; high nutrients
with Tween 80 only; and high nutrients plus Tween 80 plus cosubstrate.

When more than one cosubstrate was examined, each was tested individually

with the same treatment combinations.

Sample collection and treatment

Samples were taken initially and after 30 days of incubation with shaking.
At the end of incubation, each soil was suspended and aseptically transferred
into sterile 150-mL Corex™ centrifuge bottles (Corning Glass, Inc., Corning,
NY). Shake flasks were rinsed three times with sterile distilled water, and
this was added to the soil. The soil was collected by centrifuging at
6,084 x g for 20 min. The supernatant was decanted, and the volume of the
supernatant was determined. Then, 5 mL of the supernatant was collected for

1 To convert gallons (U.S. liquid) to cubic meters, multiply by 0.003785412.

Chapter 2 Methods and Materials



the analysis of TNT and TNT transformation products. A 1-g subsample of
the wet pellet material was taken for each of the following determinations:
dry weight, chemical analysis, and microbial plate counts.

- -

Cell Test Procedure

Static

Establishment of Tween 80 treatment levels

Dilutions of Tween 80™ surfactant in distilled deionized water were pre-
pared containing 0.0, 0.25, 0.50, 0.75, 1.0, 2.0, 3.0, 5.0, and 10 percent
(v/v) concentrations of the surfactant. Three replicate 15-mL volumes of each
dilution were measured into glass bottles and sealed with teflon-lined screw
caps. A large mass (>0.1 g) of crystalline TNT was added to each solution,
and each mixture was vortexed for 30 sec. The mixtures were stored in the
dark at room temperature until analyzed. A 10 percent Tween 80 control
sample without added TNT was also run.

When Hastings soils were treated in a previous siurry study approximately

0 mg/L of TNT desorbed from Hastings soil into tne aqueous phase

(G unnison et ai. 1993). Based on the assumption that TNT-degrading micro-

organisms will oniy utilize TNT in the aqueous phase, as much TNT was
et Al fbn ale o e aal s AL 4l hmnd e mbaler mo o emmeaclalo Moy cemne=lon
HILIOUUCCU HILO LIC dUCOUS plIldSC 01 UIC LCSL IIIALLIX a5 POSSIDIC.  11IC TCSUILS
of this study indicate that a Tween 80 concentration of 1.4 percent (v/v)
would maintain TNT solution levels at approximately 150 mg/L (Figure 2).
Development and construction of experimental soil test cells

A test was conducted to determine whether soil test cells should be con-
structed of teflon or polypropylene due to the potential sorption of TNT and
TNT rangfonnatlon products by the material used. Six 250- mL entrlfuze

solution contammg 2 mg of 2ADNT, 2 mg of 4ADNT, and 61 mg of TNT per
liter. The test cells were incubated in the dark under static conditions. At 12
and 34 days, half the bottles of each type were analyzed for 2ADNT,
4ADNT, and TNT.

For unsaturated soil studies, each 250-mL centrifuge bottle was modified to
include a moisture probe through the side and a small drain valve at the bot-
tom (Figure 3). During testing using unflooded soil treatments, the valves
were normally left open, but no drainage was observed with any of the mois-
ture doses applied. (For flooded soil studies, drain valves will be kept closed
and the probes omitted.) The bottom of each cell was lined with a circular
disc of geotextile material having a diameter the same as the inside diameter

of the cell. A2 /.D-g layer of garnet sand was placed on top of the filter and

~L L

was p'lac d on wp of the bdﬂu

P Vot P8 Y P T

another gCO[CXIllC filter of the same diamete

A ver_o 1. TM anns_

A Watermark"" Model

‘é
=
(@]
173
=g
=
a
e
=

Chapter 2 Methods and Materiais



("1/6w 100

40 UOHE.UBOUOD 08 UBaM] B Je Buiyeaiq saull 3ybiens om) Jo 81isodwod st ainbBiy 9/ INL 0 Bw QZ | SeM [9AB)
UOHBINIES [2lIU]) LNL 0 UONN|OS paleinies AJIN) & Ul [N JO [8A8] By} PUEB UOHEIIUBIUOD 08 usam] usamilaq diysuonejpy ‘g ainbiy4

0L0

600

NA 'NOILOVHS ‘NOILVHLINIONOD NIIML
200 900 S0°0 v0'0 €00 c0o 100 0

I

| i 1 ] I | | Lfo ol

| 051

00¢

e °1

INL

- g

\
N

- \\ ooe O
n_ z

e 0SE

iOILvdl

\

e oow

i

@

- o

\

10514

00§

0s§

Chapter 2 Methods and Materials

(o8]



182 Juawileall |10S dnels ay jo ubisep oiseg "¢ ainbi4

layeag

—

.\\.\.
—

—

pueg Jouten —_ \ () SAlBA UOJSL

|~
AgﬁQEKZ%EQEPtEBEI/ —

< N
9]11X9109K) 9|qesawlad-I181 A - QWAM!“HI/MW
2| =< — K
—_— T~ )] © oJo o 0
T f o 212 2ll—— emog ebnyuag
8qoid aJmsioN — TIH——— uojjal 1w 0G5
j10S ﬁ —
1 il T |
( 1P
l[/ \u\\
: ‘/ \
\\ . :
#V/:A\ /XN%{- aoedspeaH wo G2

aleydsouwyy 0} uadpQ doj \\




—

(@]

CA) was soaked overnight in RO water, dried, and then placed in the static
soil cell with teflon tape wrapped around it to form a seal. The cell was then
placed into the sliding tray of the static incubation chamber. Moisture read-
ings were determined periodically throughout the experiment with a Water-
mark meter (Irrometer Company, Riverside, CA).

Soil incubation chamber

DAL mlavicloce hnvae fimmiilhotimem Aol oo\ Aot 2 AL T e

DIdCK pICXIEIASS DOXCS (111CUD4lon CIl OCId) COINAIILIIE TCINOVADIC LIdYyS,
annh LAaldic s Facter VEN T ~pndeifitan tithace fralla) sware siend Miaieas A
Caltll HOUIUILE 10IlY £OU-LLL CUILLIIUET tUDCD (LCLD) WEIC USCU (CIFUIC 4).
Larh Arhaomhar o aqanimmad srith a vvantad Aane that FAIAAA AAsrre #4 svoeeaad
cacin Cidimoer wds €quipped wiiil a veniea aoor uidtl 101a€aG aowil to permiit
arnrace tn tha trave far tha lnading and ramnval Af tact ralle Farh trayr tyrac
aCCeSs O il rays 107 uil 104ading and réimovar O1 185t C8us. L4ln urdy was
alen anminnad with twn roawe Af matal ctrine at tha frant far nice in maacnring
Qarov U\iulyll\'u YYALlL LYYU LUVYYOD ULl lilvial D\,l.l.!.lo aAl LiiVv 11 ViILL 1VUL JUow 1l lll\taﬂulllls
the moisture level in each tect cell (Fioure 41 When camnles were incithated
CAAW LAAVAUSWA W AW Y Wi 1l wilwil VWUV Wwil \L lbul\f 1’ VY Adwili Umlltllvﬂ VY wiw ll‘\luu“‘vu,
each chamber was closed to prevent light from reacting with the TNT in the
soil. A small muffin fan at the rear of the chamber gently pulled air through
the unit to prevent saturation of the air with moisture and stagnation of the air
in the box

Development of moisture dosing procedures

Table 1 shows that 132 g of WES reference soil DWE were loaded into
each of four cells (Figure 3). One soil received no treatment. To simulate
surface application, the remaining three cells were sprayed evenly with dis-
tilled water applied in quantities of 10, 20, or 30 mL, respectively, using a
pipetting machine fitted with a distribution wand (Figure 5). These cells were
incubated at room temperature and monitored periodically for the detection of
moisture at the probe surface.

To simulate the incorporation of moisture and nutrients by mixing, three
additional cells were loaded with probes and 132 g DWE of soil that had been

moistened with 10, 20, and 30 mL o tilied water, respectively. These
ced vertically on a reciprocating shaker and shaken continuously,
1. - PN
L

-
=]
[
[72]

Active experimental treatments consisted of two blocks of twelve cells each
(three replicates for each of four sample times) for the high nutrient and low
nutrient treatments (Table 2). Control treatments consisted of two blocks of
eight cells each (two replicates for each of four sample times) for the biotic

Chapter 2 Methods and Materials
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Treatment Components Added to Nutrient Solution

Biotic Controi None - water oniy

Low Nutrient Treatment Tween 80 - 14.0 g/L
NH4NO,; - 126 mg/L
K. HPO, - 18 mall
K HPO, - 18 mg/L
KH,PO, - 18 mg/L
Sodium acetate - 6.75 g/L

High Nutrient Treatment Tween 80 - 14.0 g/L

NH,NO, - 1,260 mg/L
K,HPO, - 180 mg/L
KH.PO. - 180 mal/l
KH,PO, - 180 mg/L
Sodium acetate - 67.5 g/L

Ahintin Cantral Haltl - Mivad with eni Aiirina ~all
ADIOUC LONTG miguwig - wiiXEG wilit SOi Guring Cen
preparation @ 16.7 g/Kg

Tween 80 - 14.0 g/L
NHNO; - 1,260 mg/L
K,HPO, - 180 mg/L

KH,PO,4 - 180 mg/L
Sodium acetate - 67.5 g/L

and abiotic controls. Nutrient treatments were each sprayed with 30 mL of
the appropriate autoclaved nutrient solution. Biotic controls received 30 mL
of sterile RO water, while abiotic controls received 30 mL of sterile high
nutrient sofution. Untreated samples were taken in triplicate prior to test cell

loading to determine time O leveis of microorganisms and soil contaminants.
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frequencies were changed from four times per week to once per week.

Sample collection and processing

Static cells were sacrificed at 2.5, 4, 6, and 7 months of incubation. To
monitor the actual disappeararice of TNT from the most active treatment, soils
were removed from the cell with a sterile spatula and subsampled for dry
weight, TNT and TNT transformation products, and microbial enumeration.
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Microbial Enumeration Procedures

Two media were used to enumerate microorganisms from the shake flask
and static cell tests: (a) a basal salts medium with yeast extr and 100 mg of
TNT, 10 g of cosubstrate (othc_r than toluene), and 15 g of agar per liter
(BSA-TNT); and (b) a peptone-tryptone ye ast extract- glucose azar (PTYG).

When toluene was used as the cosubstrate, BSA-TNT plates were incubated in
closed containers in the presence of toluene fumes. The compositions of these
media are presented in Tables 3 and 4.

Table 3
Composition of BSA Medium for isolation and Growth of Bacteria
Degrading Expiosives?-?3

Chemical
Component Formulation Amounﬁt2 10X Strength
Ammonium Suifate, g {NH,},S0, c.4 4.0
Potassium Phosphate, K,HPO, 0.1 1.0
Dibasic, g
Potassium Phosphate, KH,PO, 0.05 0.5
Monobasic, g
Magnesium Sulfate, MgS0,*7H,0 0.05 0.5
Heptahydrate, g
Manganese Chloride, MnCl,*4H,0 0.02 0.2
Tetrahydrate, g
I Calcium Chioride, CaCl,*2H,0 0.005 0.05
I Dihydrate, g
I Ferrous Chloride, FeCl,*4H,0 0.005 0.05
Tetrahydrate, g
Calcium Carbonate, g CaCO, 0.2 omit
Tap Water {as neededj, L it L
Agar, g N/A 156.0 omit

1 Modified from Aaronson’s Medium for Enrichment and Isolation of Pseudomonas Capable

of Oxidizing Naphthalene (Aaronson 1970).

2 For normal strength medium, add each of the ingredients in the order listed to at least
800 mi of tap water whiie stirring. Wait until the iast ingredient added has dissolved
before adding the next. Filter the final medium through a fine filter paper or a 0.45-um

micropore filter before adding any organic ingredients or agar and sterilizing. For the 10X
medium, again add the ingredients, except for CaCO,, to at least 800 mL of tap water.

Store in refrigerator. Since no organics will be added to the 10X medium, it should be

good for several weeks. When ready to use, dilute 100 mL of the 10X to 1 L with tap
water, add 0.2 g of CaCO, while stirring, and filter as for normal strength medium. Then
add any remaining ingredients and sterilize.

3 The normal pH of this mediumis 6.9 10 7.0.

Chapter 2 Methods and Materials



trength
However,

5.0
2.5
5.0
0.7
omit

Amount
0.5
0.25
0.5
0.07

15.0

Chemical
Formulation
N/A

N/A

CaCl,

N/A

Il

0

Numbers of microorganisms were

' The pH of this medium can be adjusted to the prevailing pH value of the soil.

for this work, the pH was maintained at 6.9 to 7.0.

Component
Glucose, g
Tryptone, g

Yeast Extract, g
Calcium Chloride, g
Agar, g

fy

s

required to sup-

rtia (Gunnison et al. 1993).

o

Iy

were performed on

. lyses
S System Controller/Solvent Delivery

a

\

”

0
700 Satellite WIST Inviector, and a 991 MS Photodiode Array

1

o

Soils were analyzed for particie size

1

Total or

method.

Separation was accomplished using a Supelco LC-18 25-cm by

-

2335

Syste

gy

4.6-mm cell having a pore size of 5 um eluted with 30 percent acetonitrile in

Detector.

[Te}

-
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water at a flow rate of 1.2 mL/min. The TNT and the 2ADNT, 4ADNT,
2,4DNT, 2,6DNT, 1,3,5-trinitrobenzene (TNB), 2,4,6-triaminotoluene (TAT)
and 1,3-dinitrobenzene (DNB) analytes were confirmed using analytical refer-
ence standards.! An analysis for azoxytoluene compounds in static cell soil

samples was conducted Dy extraction with UU percem acetonitrile. beparauon

TYNT

of azoxy[omenes on the HPLC was accom

Statistical analysis of the data was conducted with the SigmaStat™ statisti-
cal software system (Jandel Scientific, San Rafael, CA) using one-way analy-
sis of variance followed by the Student-Newman-Keuls method for pairwise
multiple comparisons. Graphs and bar charts were constructed using the
SigmaPlot™ graphing system (Jandel Scientific, San Rafael, CA).

1 Standards provided by Dr. Ronald Spanggord, SRI Inc., Menlo Park, CA.

Chapter 2 Methods and Materials
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Shake Test Resuits —Enumeration of
Microorganisms

was ) units (CFUs)/g DWE (Figure 6).
After 30 days of incubation, the numbers of bacteria recovered from the biotic
control had increased to approximately 10’ CFUs/g. No microorganisms were
recovered from the acidified control. Nutrient levels alone had little impact
on the numbers of heterotrophs compared to the biotic control. However,
nutrients in combination with toluene, Tween 80, or with both increased the
numbers significantly. These results demonstrate that toluene can serve as a
cosubstrate to support microflora in this soil. Furthermore, nutrients plus
Tween 80 or toluene alone or together will be sufficient to support an active
heterotrophic population. In addition to enhancing desorption of TNT from
soil, Tween 80 may also serve as a cosubstrate to support the growth of
microflora. Since microorganisms were not recovered on the BSA-TNT
media (results not shown), TNT degraders were either not present in this soil,
or required nutrient(s) were not provided by the BSA-TNT medium.

units

Crane Sifter Conveyor soi

MAatal hataw~tenemliin hantamina DTV Anne) seemncnnedt at tha atnet AF 1euner ntimes

1otal neterotropnic bacteria (ri ¥ agar) present at tne start o1 mcuoation
in tha Crana Qiftar Manvavar enil wara alen annrayimataly 105 ORI e/ DWE
111 11T LU laliC OlIlCl Lull _yUl OSVUIL WTUILL aidU appluUAlliiaivl LU LUDSIE LYY L
nf enil (Rioura 7\ A ftar 20) dave af incrnithatinn  nmumhere af micraareanieme
vl ovil \l lsuxu l,- Lailvi v Uﬂ]\) Vi uivuvuatllivill, 11uiiivwlo vl Llll\rl\l\llsﬂlllolllo
in tha acidified controle fall ta 104 + 751 CFlJe/o DWE of <0il suocoesting
411 Vilw AwiNLLIWAL WULILA VIV Lwill VWV AV - LD S D § UL}I& AS VY Ao TR UVURAy U“bbvﬂ&lll&
that the HC1 was successful in killine most, but not all, of these microorgan-
hat the HC 1 w uccessful 1n killing most, but not all, of these microorgan
isms. Most of the low nutrient treatments and the high nutrient plus
Tween 80 treatment exceeded the biotic control (10° CFUs/g DWE), while the

remaining treatments were more or less equal to the biotic control (107 to
10° CFUs/g DWE). The high nutrient dose alone, with toluene, or with
Tween 80 and toluene in combination was unable to support growth in excess
of the biotic control. Moreover, the low nutrient dose plus Tween 80 and

toluene inhibited growth.
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LogloNumber of Colony—Forming Units per

Gram Dry Weight of Bangor Soil
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Initial Level < -
.%
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P S &
Biotic Control 55 >
% i
S
=
Acidified Control -
Low Nutrients Only i N
Low Nutrients + Toluene % WNM%SS = 3 -
. o ey 23
Nutrients + Tween 80 s SRR H .
%% 22X XX X
utrients + Tween 80 + %%‘
Tocluene SIS 3 AR 553
High Nutrients Only : % -
O 55 s R
5
h Nutrients + Toluene B S S ~
Il O M R 3 X $.6.0.9
High Nutrients + Tween 80 = % : H -
utrients + Tween 80 + &8 R
m h %0’ 2 ., =
Toluene : SR L
Response of native heterotrophic bacteria cultured on PTYG agar to treatment
with various combinations of additives in the shake flask test with Bangor soil
{No microorganisms were recovered on BSA-TNT medium. Bars are the means

of 3 replicates + standard error of the mean. The honzontal line marks total
heterotrophs in the biotic control.)

When assayed on BSA-TNT medium, microorganisms from Crane Sifter
soils grew on the biotic and acidified controls and on the low nutrients plus
toluene both with and without Tween 80 (Figure 7). However, growth on the
latter media was virtually the same as the acidified control and was exceeded
by that recovered on the biotic contro 1 Apparently, a steady source of mois-
ture was sufficient to support the activity of mlcroorgamsms recovered on this

v dirreas AAddiecncan]l arilanbonstac ssiaes on assrlas femlilocl o [g ot B -
medium. Additional substrates were somewhat inhibitory. This particular soil
P ning o high ~ranrantratinn Af 1 2 € havaolorden 1 Q2 € #olonloca
also contains a l‘ush concentration of 1,3,5-hex iydra-1,3,5-trinitrotriazine
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tives in the shake flask test with Crane soil (Bars are the means of 3 replicates

+ standard error of the mean. The horizontai line marks total heterotrophs in

the biotic controi.}
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(RDX) and 1,3,5,7-tetraniiro-1,3,5,7-octahydrotetrazocine (HMX) levels as
high as TNT (see sorption report by Pennington et al. in press). This mixture
of explosives in combination with high nutrients may have been toxic, particu-
larly when Tween 80 and toluene were also included.
Hastings soil

Initial levels of total hetcrotropb_ic bacteria (PTYG agar) in the Hastings
soil were also approximately 10° CFUs/g DWE (Figure 8). The acidified

Iy (=4

controls had no bacteria at 30 days, indicating that poisoning with acid was
successful in preventing growth. The levels of microorganisms from most of
the remaining treatments equalled or exceeded the biotic controls, often reach-
ing 108 CFUs/g DWE in 30 days.

When the Hastings soil samples were plated onto BSA-TNT plus a cosub-
strate (biotic control), the colony count rose from below detection in the initial
samples to 107 CFUs/g DWE (Figure 8). The results demonstrate that nutri-
ents with and without Tween 80 will enhance (increase) numbers of TNT-
degrading microorganisms in Hastings soil.
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When the microorganisms fmm these treatments were plated on BSA-TNT
iotic co

decreased approximately two ) orders of 1 mag gnitude ( Fx re 9). Microorgan-
isms recovered from the active treatments without toluene remained at the
same level as on PTYG agar, suggesting that the same microorganisms may
have been recovered on both media. By contrast, the number of microorgan-
isms recovered from the low nutrients plus toluene treatment increased by
approximately one order of magnitude on the BSA-TNT agar, indicating that
the low nutrient plus toluene treatment supported more microorganisms able to
utilize toluene as a cosubstrate than on the PTYG medium. No microorgan-
isms were recovered on BSA-TNT agar inoculated with samples from the
other toluene-containing treatments. Based on microbial recoveries obtained
on both media, the treatments of choice for this soil are the low nutrients with
Tween 80 and the high nutrients plus Tween 80, followed closely by the low
nutrients only and the low nutrients pius toluene treatments.

Chapter 3 Results and Discussion
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Figure 8.
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-

3 replicates + standard error of the mean.

heterotrophs in the biotic control.)
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Figure 9.
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v
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“Fate” of TNT in the soils tested

Detailed descriptions of the fate of TNT and TNT transformation products
for each of the soils based on the testing are presented in Tables 5 through 8§,
while the overall results for TNT are summarized in Figure 10(a). Low nutri-
ents, low nutrients plus toluene, and high nutrients plus toiuene were generaily
most effective in supporting some disappearance of TNT. Generaily, the
persistence of TNT increased as the initial levels of this compound in soil
increased.

Based on our present understanding, at least part of the fate of TNT under
aerobic conditions is related to the information of transformation products,
such as ZADNT, 4ADNT, and TNB, as well as some other compounds not
found in this study. Increases in the levels of 2ADNT were supported by the
low nutrient and sometimes the high nutrient plus toluene treatments (Tables 5
through 8 and Figure 10 t nts, including the acidified ¢
increased 4ADNT in Ha:
increased

(Figure 10(d)).

Variability of data

The TNT levels in the 30-day samples were extremely variable. The
variability may be related to abiotic and biotic transformational processes
active on TNT. With McAlester soil data, variations in levels of each constit-
uent at time O were quite similar and quite small (around 1 percent of the
mean value). However, the final values indicate that while variations for TNT

levels increased markedly during treatment, those for RDX and HMX were
similar to the initial variations as iliustrated in the foiliowing tabulation:

Constituent Initial Value Final Value

TNT 3,390 + 75.1 3,160 = 1,940

RDX 808 = 9.74 94 + 1.03

HMX 213 + 2.09 16 + 0.204
Similar results were observed for the other soils. This suggests that some
interaction of TNT with treatment matrices occurs. Possible mechanisms of
interactions include adsorption, chemical transformation (abiotic transforma-
tion and/or polymer formation), and biological (susceptibility to biotransfor-

I CO

These mechanisms would be more dependent upon uncontrolled variables in

23
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the experiments. These variables may include total organic carbon and the
nature of the organic carbon, cation exchange capacity, and pH.

Since current understanding of these mechanisms is limited, control of
1 . L B o7 oo U I . VL S o PR SR U R Y Tan cemitn ~AF ¢l LSl
them 1s difficult and beyond the scope oI this eXperiment. In spite oI the nign
UL NS SRR R A 3 o _aod Lo slinan avimanitsants meacida affandioa
variaoiiiiy ODSErved, aaia generai€a oy in€s€ €Xperimeiiis proviae €riecuiv
guidance on cometabolite and surfactant addition for in situ bioremediation in

Fabrication of test cells

Results of this test indicated no significant sorption of any of the com-
pounds by either polypropylene or teflon at 12 or 34 days (Table 9). While
the initial trial test cells were constructed of teflon, polypropylene units were
used for ail subsequent testing, including the work conducted herein.

[ S
gcnviron
Larh ~f th + Aa A £1 £ 1 A 1Ada_§ 1
Each of the measurements made during flow of carbon dioxide-free air
" L . o
through the cells indicated that aerobic conditions were present in the intrapar-
ticle space of every cell during the entire 7-month incubation period.

several days for the moisture to reac
Shaking did not improve the detectio

probe, and only margi
spray. For this reason, 30 mL was selected as the appropriate volume for use
in routine moistening of this soil. Initial incubations in the chambers indicated
that with the fan on to circulate air through the chamber, moistening intervals
of 5 to 7 days were needed to maintain moisture at the probe in the static
cells. Therefore, moisture was added weekly in 30-mL increments.

Effects of treatment

Numbers of microorganisms in the abiotic controls fell to zero following
the addition of mercuric chloride (Figure 12). Except for the high nutrient
treatment sampie at 6 months, the growth patterns of totai heterotrophs recov-

ey~ O A AT R}

ered on PTYG and microorganisms recovered on BSA-TNT media were simi-

1 . . X _ o et L.t .l V. __. _ U I S0 T . S W SR W
lar in magnitude and behavior for both the low and high nutrient treaiments
L Te S 30 u T 4Ll id cenmane: € cmmt 21l AL dlan cmlnmm i nmicmeo mannaraea]
1I1IS TCSUIl 1NAICALCU tldl I11dlly, 11 110t dil, O1 UIC 1ILICIV0L IISIILS ICCOUVEICU
esimen thha nneen e ladle cvaadia Nerasnll mineablinl s~ ne indianta .y
WErE tne same Ofi ooin meaia. Uverai, miCroviar gi wth, as indicated b_y
recovery on these media, was somewhat stronger during the first 2.5 months
than during the remainder of the treatment period. The reasons for the
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Tabie 9
Sorption of TNT and TNT Transformation Products by Centrifuge
Botties {Soiution concentrations in poiypropyiene compared with
a_ L __ L o_aal___ _£La__ AN ___ 1 DA do ol e bl Al om bl o T\
1eT1ion potues airiter 1< ana o4 aays 01 INncupation in ineé aarkj
Replicate Concentration of Compound, mg/L
No. and
Analytical TNT 2ZA4, 6DNT 4A2, 6DNT
Chemistry
Code’ Polypropylene | Teflon Polypropylene | Teflon Polypropylene | Teflon
12 Days
1a 6.16 7.02 1.96 1.89 1.88 1.91
1b 6.19 7.18 1.85 2.08 1.81 2.05
1c 6.37 7.22 1.86 2.09 1.70 2.05
2a 5.76 5.85 2.05 1.94 1.91 2.00
2b 5.74 5.84 2.12 1.95 2.01 2.01
2c 5.46 5.92 2.14 1.87 1.99 1.86
3a 6.04 6.53 2.06 2.09 2.11 2.08
3b 5.88 6.556 1.90 2.00 1.91 2.01
3c 6.03 6.54 1.98 2.01 1.96 2.08
Mean 5.96 6.51 2.00 1.99 1.92 2.01
STD 0.28 0.49 0.09 0.08 0.1 0.07
34 Days
1a 6.09 6.68 1.99 2.10 1.87 2.15
ib 6.17 6.65 2.00 2.04 1.87 1.96
1c 6.37 5.56 1.95 2.02 1.86 1.99
2a 6.16 4.80 2.02 1.94 2.03 1.9
2b 5.55 5.02 1.87 1.76 2.04 1.78
2c 5.45 4.91 1.98 1.79 1.82 1.83
3a 5.96 6.22 1.94 1.98 1.93 1.92
3b 6.02 6.33 1.93 2.12 2.01 2.10
3c 5.91 6.24 1.85 1.93 1.76 1.80
Mean 5.96 5.94 1.96 1.96 1.91 1.94
STD 0.27 0.6S 0.04 0.11 0.09 0.12
“‘ Replicates are designated 1, 2, and 3. Letters a, b, and ¢ stand for analytical chemistry
|| subsamples.
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Figure 11. Time required for 10, 20, and 30 mL volumes of water to reach the moisture
g q
probe in the static cell following spray application (Resistance decreases as

decline during the later portion of treatment were not determined, but may be
related to the disappearance of TNT or the accumulation of toxic intermediates
in the soils.

active microbial populations were responsible for at least some of the observed
removal. By months 6 and 7, no significant differences were evident between
TNT levels in these three treatments, suggesting that much of the loss in the
biotic control, and possibly some of the loss in the low nutrient control may
have been abiotic in nature. By contrast, most of the 2ADNT- and 4ADNT-
forming activity occurred in the treatments receiving nutrients and/or in the
biological control. The abiotic control had little accumulation of 2ADNT and
virtually no 4ADNT accumulation. Some DNT and trinitrobenzenes
accumulated in the abiotic control, as well as the high nutrient treatment.

ore rapidly than from the control treatments, indicating that
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ucts in the static cells during land-farming treatment of Hastings
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However, detectable levels of these materials were not found at 2.5 months of
treatment.

The high nutrient plus acetate plus Tween 80 treatment produced the most
extensive disappearance of TNT (approximately 2.2 percent remaining after

Y

7 monms), while aiso supportmg some removal ot zAl)Nl ana TNB (Fig-

towards the end of treatment but none was as effective as the h
s Tween 80 treatmeriit.

.._.
oo £
. o
[

kh P

N N

0 oo

6.260 mz/k esent in the ab10t1 ontrol and 13 99 + O 300 mg/kg
DWE was present in the high nutrient treatment. No other peaks suggestive
of other azoxy or related compounds were found in the vicinity of the
standards.

Chapter 3 Resuits and Discussion



(*siuawieas) ayl Jo Aue uj palINdI0 S3UBN|0I0INUIP JO SUOIBINWINIJER JUBD

-jiubls oN "jJuswieall 810Jaq |10S BYI U1 Juasasd JN] JO UOIIBIIUBIUOD By} S| |I0S 8y} JO SWEU By} Japun UsAIB Jaquinu ay |

"Juasald Ajleniul Junowe ayl Aq papiAIp Juawieal) Jo pua ayy e juasasd punoduwod yoes Jo S|9A3| 8yl ale UBAIB sanjep)
Juawieal) |30 d13E1S JO SYUOW / 1B s3onpoid UoNBUWLOJSURLY | N] Pue | N1 4O [eAOWSaI JO uoienNwnooe Jo uosiedwo) ‘p| ainbi4

—3
2 s
o = o
5w 5 0 > w
o 7 = o =
i @ - o
| ° = S = 3 e
| + & + = & o
= > o Q Q
68 5 o g o S
(e + o+ c+ “1 o
mv w0 o 7] S N
®  + e + e -
/ 0 m
// " o
N J £
- A / 4 105 &
]
N X 2.
- / X 4 oot mu
/ J g
- J T
X ’ o
W .
f 7002 mu
, D
i 4 00g &
g
- ant A wnavy N : . 4 o5
aNave [ iy I 33/INL 8uI g8 —/+ 008'21 e
- os s8urysey 4 oov m
! L L ! =

35

Resuits and Discussion

Chapter 3 R



w

(0)]

(]
c
(4)]
(@]
w

Shake Flask Testing

In general, the addition of nutrients and toluene supported the treatment
process. The addition of Tween 80 sometimes stimulated treatment. Each
soil tested was unique in most of the properties examined, especially in the
TNT degrading behavior of its microbial inhabitants. Replication of measure-
ments within a soil sample were tight. The requirement for specific combina-
tions of additives to accelerate treatment was site specific for the soil. The
data support the need for individual testing at each site.

The variable requirement for a surfactant agrees with the findings of
Pennington et al. (1995) who found that surfactants generally increased aque-
ous phase levels of the explosives, but the impact was less pronounced in soils
having low explosives concentrations, as was the case here for Bangor and
Crane soils. However, high concentrations of explosives in soil aqueous
phases can be toxic or inhibitory to the degrading microorganisms. The pres-
ent study indicated that the addition to a shake fiask of a singie charge of
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Addition of the cosubstrates toluene and/or acetate sometimes inhibited
growth slightly when used with nutrients. However, this inhibition was often
offset when Tween 80 was used in combination with the cosubstrates. This
may be related to the fact that Tween 80 is biodegradable and, therefore, a
potential growth substrate.

The results of the present study indicate that in examining the feasibility of
using biotreatment for clean up of explosives-contaminated soils, several

Chapter 4 Conclusions



microbial requirements are imp

1

dosing with 30 mL of the high nutrient solution produced the most rapid and

The results obtained from the static cell testing demonstrated that weekly

This corresponds io weekiy dosages of

.

Generalizing require-

3

e

~ ormw TR

e

compiete disappearance or 1IN1.

nutrients, cosubstrates, and sometimes a surfactant.

16.2 g of sodium aceta

1 "

Development of the shake and the static cell tests completes the tiered

This system can now be used in treatability

o~

studies as a tool for determining the ability of the native microfiora to degrade

hosphate administered

Y

T e
7

evaluation system (Figure 1).

c 1

ot Qten)
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Information obtained from this system can b

1

TNT, and to optimize microbial degradation in soil surface biotreatment.
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